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STUDIES ON THE MECHANICAL PROPERTIES OF FILAMENT-WOUND MATERIALS
AND METHODS USED IN THEIR MEASUREMENT (I)
THE DETERMINATION OF ELASTIC MUDULI OF FILAMENT-WOUND CYLINDERS

Shinji Fukui, Kozo Kawata, Akira Kobayashi, and
. Shozo Hashimoto .

- ABSTRACT

As a part of studies on the mechanical properties of
F/W materials, the methods of determining four elastic
moduli, namely Young's moduli E., E,, Poisson's ratios v
and v9 of F/W cylinders as orthotroplc plates were dis-
cussed (axial and circumferential directions were used as R
the principal directions 1.and 2 respectively); and a
relationship between these values and the winding pattern
was obtained. Considerable differences exist between the
true E] and E9 values and the apparent values. The
possible upper limits of the F/W cylinder under 1nterna1
pressure are also discussed.

1. Introduction

One of the aerospace materials is filament-wound (abbr. as F/W hereafter) /497%
material, a type of FRP. This material is frequently used in a cylindrical
or a similar form which is subjected to internal pressure, such as in a rocket
chamber. Therefore, as.a part of a series of studies on F/W materials which
are to be continued in the future, a few studies were made on the mechanical
properties of the materials in the above-mentioned forms and the methods used
in their measurement.

Part I of the series is reported in this paper. This section concerns

the determination of elastic moduli of F/W cylinders. F/W cylinders were used

as is instead of in small specimens with broken fibers at the end, and attempts
were made to determine four elastic constants (Young's moduli, Eq Poisson’'s/498
ratios vi and v with 1 and 2 as the principal directions) of the cy{lnders as
orthotropic plates. Disregarding the changing appearance caused by winding

pattern and vi, vy, it was proven that the apparent Ej obtained from oy/e; and

‘the apparent E2 obtained from oy/ey differ a great deal from the true Ej and Eo.

2., Methods of Measuring the Plane Stress and the Elastlc
d Constant of Orthotropic Plates

Before deriving the. methods of measurement, we would like to explain briefly

*Numbers given in the margin indicate the pagination in the original foreign
text.
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E i %
. the stress-strain relationships in plane stress on orthotropic plates. F/W
.cylinders, when developed, can be comsidered -as orthotropic plates. Generally, i
there are two elastic axes of symmetry (principal elastic directions), 1 and 2,
of orthotropic plates, and the elastic law for these directions can be ex-
pressed in the same form as that for 1sotrop1c plates. In Figure 1, the sym-
bols are -as follows:
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Fig. 1 Elastic law of pr1nc1pa1 elastic
direction and general direction.

1, 2: principal elastic directionm.

Oy, 09, T: Tensile stress ¢ in directions 1 and 2 and the shearlng stress
T between them. ’ -
EZ: Young's moduli of dlrectlons 1 and 2.

Poisson's ratios to dlIECLlOnS 1 and 2

El’
Vi, Vol
G: shearing elastic moduli between 1 and 2.

elongation strain of d1rect10ns 1 and 2, and shearing strain

E,E’Y:
L : between 1 and 2.

M&:nyA orthogonal axes, forming angle 8 and principal dlrectlons of elast1c1ty o

1 and 2 ' : L

Ox> Oy Txy! . tensile stress to shearing stress in x, y directiomns.
strain. components to the above stress components. -

¢ under these conditions: B T .

B W

Further, the foilowing reciprocal relation is established:
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As for the general directions,

Five elastic constants appear here, namely El’ E

_required.
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3. Methods of Measurement

3

(3)

. (4)

(%)

> 6)

2 V12 V2
four independent elastic constants because of the reciprocal relation (2).
sequently, in order to determine these, four independent relative equations

, and G, but there are

are

Slnce G 1s obtalned by torsion experiments, it is handled separately here,

and E;{ Ey, vy, vy

are considered.

penderit relative equations are sufficient.

1)

Axial direction and circumferential direction of the cylinder éré'l‘andlz;'
We shall assume a situation in which numerous strain gauges are

respectively.

Internal Pressure Test of Cylinder .

In order to obtain these, 4 - 3 =

3 inde-

attached to the surface of the cylinder and the directions of the gauges are

varied by angle 6, which is assumed to include both 0° and 90°.

When 6§ = 0°

_.and 90°, we can compute 0, and 0, from the internal pressure; P, so’ that two

independent relatlons can be obtained from equatlon (l)

[499

Con~

/500



i (7)

and, as can be seen from equations (3) and (4), the relations Ex, Ey, 0x, Oy,
for other 6 do not yield independent relations and can only be used for checking
the above data.

H f 2 -~ \ l i o

f i Key:

%ﬁ . 5]C%¥—" ' a. gauge angle 6 = 90°
LT M b e e -0

Fig. 2 Measurement in a cylinder  c. internal pressure P. -

under internal pressure.

z

(2) Uniaxial Tension in Cylinder

uniaxial-:load P

; When uniaxial tension is loaded as shown in Fig. 3,

= o= =0
N N i &=g . =0 (8)

i ‘ % From the above (7) and (8), the three necessary independent
' - ! relative equations are obtained.

i
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Fig. 3 Measurement T h bﬁ 7O
in a cylinder subject : ,[J :

to uniaxial load in '

the axial direction. it

Fig. 4 Measurement with the
ISAS ring test.



(3) 1SAS Ring Test
This may be used for verifying E,.

When the above—mentioned equatibns (7) and (8) are used, first from (8),

2 ; =Ty '
5 e E'"sxm ' : . : 9)
i»__»_ — ) S ._-.l_:.f;{,‘vj,,}: ‘4
is obtaiﬁed; next, from (7)"1
_ G el T e e
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i L j,v ._g__l.‘” s . T i ST I g s s e gt o . o PN G e g v s P—
; Subscripts (1) and (2) indicate rééﬁ;&ﬁVely the values obtained from the
‘internal pressure test and the uniaxial tension test of cylinders.
4. F/W Cylindrical Specimens . /501

The details of specimens are shown in Table 1 and Fig. 5.
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Fig. 5 Dimension of F/W cylindrical specimens.



g e s 'Tablé’l. F/W Cylindrital Specimens

Parallel Winding angle
~ No. area 1 (mm) -9 (deg) Constitution#®#*
1 50 - 40 spiral winding +
L ; , circumferential winding

2 _ 800 200 - 40 "

3 - 1000 400 40 i

4 103% " . 20. B

. 5 106* B e " ” 50 1)

6 107* - 11 ) 1 N 70 n

7 108% .. . " " 40 spiral winding only
‘glass fiber roving 20 ends - cross X ECE 20 230

resin epoxy (*epicoat 828) “kéuring agént  HHPA

fglass'content, about 75% (Wﬁ.)
. %Nos. in Figs. 7-10

**According to netting analyses, the fiber distributions in all cases are of
equal values as one axial direction and two circumferential directions.

-

! 5. Results of Actual Measurements and their Evaluation,

Upper Limits of E of the F/W Cylinder

The method of measurement was: first E; was obtained by uniaxial loading
~as described in 3, then data was obtained from internal pressure tests.

1000
1 L . 400 .
200 : '
s T L:‘ & .

N 4
[8qisd (#42100%,t =3) a = inner diameter

e

Fig. 6 Position for Strain Mea-
surements.



€ kg/mm? No 103 (20°,X)

£,:2800 Pi:0.295

-3000 (Ez=2280- ¥::0 238 "
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i -ﬁpﬁ\/**—*‘-\;,—~”’”z“ %
8% v | . : “
' 0.2r-08 |-2000 :
) ~ L r E;. 4

L o4l +

30-"‘ F P

o2} L £ xEmtrya culated value
“'( 'L(Em’ 5::)
L L | : 1/2(e1g + £99)
V' otorl | . 1 TR ~
8 L - /
1 % X l i L " 5 1 3
| e i 2 3 .
.7/ S
"Fig. 7 Measurement of the elastic con-
stant in cylindrical specimens with wind-
ing angles of 20° + 90°.
\ No 105 (50°, X} ‘
e Eir1530 P.*O.32l)
! ! E«* 3290 »2=0.691/
| S~ B
y -3000
S . -
[ i ' P
: o6} - '
> . £ A
Q.2r03} [-2000
T L i ( -
O 4 r s e e iy o it e e s - : (]
e e e e e € €1 a = (sign X is the
oi %°v~ e . 4/1/_- - calculated value)
ot} | Fioco
- o2f b . €
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air (e g
[ [ S
o*oL P o 5 L

G /et

Fié. 8 Measurement.éf the elastic constant in
cylindrical specimens with winding angles of
50° + 90°. :

ia = sign X is the cal-



)The results of measurements by means of attachlng an 8% strain gauge at the /503
position shown in Fig. 6, were plotted against the principal axial stress ¢
obtained in the internal pressure test. The results are shown in Figs. 7 -

10. The summarized results are as shown in Figs. 11 and 12. As seen in ;

Figs. 7 - 10, the measured values of these constants scatter slightly where

the stresses are very small, but show good conformity. The méasured strain
values of €,., in the directlon where 8 = 45°, agree well with the values calcu~-
1ated from ey and €9 and prove the accuracy of the measurements. In Figs. 11 and

12 “the specimen with a winding angle of 40° alone did not include winding in
the circumferential direction (6=0°), and the trend is off compared with those
‘of the other three, but this is only natural. It should be noted that in Table
i2 the differences between the true El’ E2 and the apparent El, E, (1.e.,

61(1)/€1(1l 02(1) /82(1)) are qulte pronounced El and Ez in Table 2 range
{ .

. from 1000 kg/mm2 to 4000 kg/mmz. However, we shall study the poss1b1e upper 1im££j
in the F/W cylinders having the fiber direction distributed most logically to
' see what point E; and Ep can attain. Now, assuming a .rocket chamber, the

‘c linder under internal pressure is ¢ /c = 2, therefore, it would be logical
y 1 A &

“to set the distribution of fiber directlons as two circumferential directiomns,
and one axial direction, or a distribution having values equal to these. There~
fore, disregarding polymers where E is very low compared with fibers, the pos—
{sible upper limit of E in an FRP F/W cylinder under internal pressure is con-
'sidered to be: 1ong1tud1nal axial dlrectlon 1/3 Ef, circumferential direction:

[2/3 E. (Ef Young's modulus for flbers) When E glass (E 7000 kg/mmz) is taken -
QA:’Lau'-: fibers, the values are around 2300 kg/mm and 4600 kg/mm . respectlvely.

e e

. T No.107 {70°% XI AT
L ® E kg/mm' (E. 1325 u-=_0.199> {
Ve [ E: = 4045 »::0.605 i
1 = z Ese )
i ‘4000 & % g :
1 ) ]
3
| 3000 |
L |
! 05‘—’ L \0”‘"' ——0 Y2e
i £% . o 4
0.2r03F F2000
! -+ . (sign X is the En
A T - calculated value) e
: O3
R
-02—
0.5 b~
e
otol o

e w i du kg/mm o g ;. ot

i F Fig. g Méasurement of the elastic constantAlhACylln-
\ drical specimens with winding angles of 70° + 90°.
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3 3000 E 22210 =O.505)
LT L E2=2160 »2=0.484
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bose | -
L s = - E-E
0.2}0s}) |- PoeBrmommergeg: - :\y:
1 - ' Ve
ok +
- - » %
Lo3- b Ease
O.iF | tooo * XEPIATIMAY a
'L°2' - (';(e,.*e..)
Loik L 2 a =(sign X is
002[ L- | L the calcu-
o-o0 i T S lated value)
-o002} °. : I 4 .
o ) d kg/mm{-

Fig. 10 Measurement of the elastic constant in
cylindrical specimens with a winding angle of 40°.

h 4000}~ L4 Eh. Eu, En
© E
. OEn
___3000‘ BEw
P g
. E
~
-y
. = 2000+
. 't )
1000}
: 1 1

X X
O ldeg)—

lo} 1 1 ' 1 ! 1
0 0 20 30 40 SO 60 7’)? 80
) X .

Fig. 11 Relationship of E

and E7 to wind~
ing angles. -
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" Table 2. True E

': ¢ f
| L ;
R !
. 0.6 i
Lo 1 .
R & by
o] A Vi
04k o Lz
) O b
2 L A b
; .
& 0.2.— 8 3
; o1 1 3 ! L L1
; O 10 20 30 40 50 0 70 80
i . X X X x :
P t e (deg)— -
Fig. 12 Relationshlp of vy and v, to wind-

1ng angles.

l’ \)1, v, and apparent El’ E2
of F/W cyllndrlcal spec1mens.
| 1! mndmg angle '—56;’+90° w0 5o°+9o"~' 090"
(» 6 (deg) * X ook %
B (kg/mm?) 2800 2210 1530 1325
s qu T (egfonm) Tl 6o - 250 4310 2380
' E: (kg!mm’) 2280 2160 3290 4045
20 (eglanm?) 2620 | 20 | 5030 6650
n 0.296 | 0.505 0.521 | 10,199
D om 0.238 0.434 .69 | 0.6

/505
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o 6. Conclusion ; R i /506
(1) Methods for m asurlng elastic constants of F/W cylinders as ortho-

tropic plates were discussed. The relations between winding patterns and

elastic constants were obtained in regard to F/W cyllnders having both spiral

and circumferential windings.

(2) The apparent‘values disregarding'vl'and'vzqdiffer considerably from
the values of Young's moduli. - ST

(3) The possible upper limit of Young s modull in F/W cylinders under

internal pressure was discussed. T -
i
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